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Three  series  of  Ba0-Ca0-Si02-Al203,  Sr0-Si02-Al203,  and  Sr0-Ca0-Si02-Al203  glasses  are  prepared. 
Their  basic  physical  properties  are  measured  using  dilatometry  and  differential  scanning  calorimetry 
from  room  temperature  to  the  softening  temperature.  Their  structures  are  characterized  with  infrared 
spectroscopy.  The  wetting  characteristics  of  all  glasses  are  examined  by  monitoring  the  change  in  shape 
of  a  cube  specimen  on  crofer22  substrates  from  room  temperature  to  flow  temperature  with  a  high 
temperature  shape  microscope.  Five  main  absorption  bands  can  be  distinguished  in  the  infrared 
absorption  spectra  of  the  three  systems.  The  optimum  ranges  of  sealing  temperature  of  the  glasses  are 
determined.  The  24SrO— 16CaO— 25Si02— 8A1203  glass  is  found  to  be  the  best  sealant  for  the  solid  oxide 
electrolyzer/fuel  cells  under  low  loading  without  leakage.  SrO  improves  the  wetting  ability  of  the  glass  by 
decreasing  the  contact  angle  between  the  glass  and  crofer22  substrates.  The  thermal  properties  of  all  the 
glasses  fulfill  the  requirements  for  sealing  solid  oxide  electrolysis/fuel  cells.  In  terms  of  air  tightness,  the 
SrO-containing  glass  shows  the  best  wetting  ability  among  other  glasses,  and  is  the  most  suitable  sealant 
for  planar  solid  oxide  electrolyzers/fuel  cells. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Energy  and  environmental  issues  have  gained  the  attention  of 
many  countries  throughout  the  world  in  recent  years.  Non¬ 
renewable  energy  resource  depletion  and  the  greenhouse  gas 
effect  have  forced  countries  to  actively  improve  their  energy  effi¬ 
ciency.  Solid  oxide  electrolysis/fuel  cells  (SOECs/SOFCs)  have  been 
actively  studied,  either  as  H2-producing  devices  (SOECs)  or  clean 
and  efficient  energy  conversion  devices  (SOFCs).  However,  many 
technical  problems  must  be  solved  for  commercial  applications.  In 
planar  SOECs/SOFCs  (p-SOECs  or  p-SOFCs),  gas-tight  sealing  is 
a  basic  requirement  in  preventing  gases  from  mixing  in  the  anode 
and  the  cathode,  and  in  providing  electrical  insulation  to  avoid 
shunting.  Hence,  the  coefficients  of  thermal  expansion  (CTEs)  of  the 
sealants  must  match  those  of  other  cell  components,  such  as  the 
interconnect  [(12—14)  x  10-6  K-1]  and  electrolyte 

[(10-12)  x  106  K1  ]  [1-3].  In  addition,  the  seals  must  fulfill 
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chemical  requirements.  They  must  be  chemically  compatible 
with  other  components  and  stable  in  oxidizing,  reducing,  or 
oxidizing-reducing  atmospheres. 

Many  glasses  and  glass-ceramics  have  been  used  as 
sealants  in  p-SOECs  or  p-SOFCs  [4—6],  In  those  materials, 
BaO— CaO— Si02— Al203-based  (BCSA)  [7,8],  Sr0-Si02-Al203-based 
(SSA)  [9,10],  and  Sr0-Ca0-Si02-Al203-based  (SCSA)  sealing 
glasses  [11,12]  have  shown  excellent  sealing  performances.  Their 
basic  properties  have  been  widely  studied,  including  CTE,  glass 
transition  temperature  (Tg),  glass  softening  temperature  (Ts),  and 
interface  reactions  between  seals  and  the  interconnect.  These 
materials  have  also  exhibited  good  chemical  and  thermal  stability 
after  running  for  thousands  of  hours  at  their  working  temperature 
in  planar  SOEC/SOFC  systems.  As  additives  to  glasses,  each 
substance  has  specific  effects  on  glass.  For  example,  alkaline  earth 
oxide  has  a  strong  influence  on  Ts  and  Tg  in  the  glass  [4,13],  Alumina 
acts  as  a  crystallization  agent  in  the  glass  [4],  A  small  amount  of 
boron  oxide  B203,  a  lower-temperature  glass  former,  can  be  used  to 
reduce  the  viscosity  of  glasses  and  improve  the  wetting  ability  [4], 
In  addition,  La203  has  been  used  as  a  viscosity  modifier  and 
long-term  CTE  stabilizer  [4],  However,  glass  composition  has 
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a  significant  influence  on  glass  structure,  and  the  glass  structure 
determines  the  properties  of  glass.  Some  reports  have  presented 
in-depth  reports  correlating  the  basic  high  temperature  physical 
properties  with  the  structure  of  the  glasses. 

Infrared  spectra  of  glasses  can  sensitively  probe  into  the  local 
structure  of  silicate  glasses  [14—18],  The  amount  of  non-bridging 
oxygen  (NBO)  in  a  silicate  system  can  be  reflected  by  the  inten¬ 
sity  of  relevant  infrared  absorption  spectra  [16],  In  the  current 
work,  the  structure,  particularly,  the  amount  of  NBO  of  three  glass- 
ceramic  sealing  materials,  i.e.,  BCSA-based,  SSA-based  seal,  and 
SCSA-based  seal  glasses  used  in  SOECs/SOFCs,  have  been  studied  by 
infrared  spectroscopy  and  correlated  with  the  basic  physical 
properties  of  the  glasses.  The  changes  in  the  physical  shapes  of  the 
glasses  as  well  as  their  wetting  abilities  from  room  temperature  to 
melting  temperatures  were  also  investigated  to  determine  their 
sealing  temperatures. 

2.  Experimental 

2.1.  Glass  preparation 

BCSA-based,  SSA-based,  and  SCSA-based  seal  glasses  were 
chosen  as  the  starting  points  for  glass  composition  because  of 
their  good  glass-forming  properties,  chemical  stability  and 
thermal  stability,  and  high  CTEs.  The  raw  materials  of  these  three 
glasses  are  presented  in  Table  1.  In  Table  1,  the  M/F  is  the  molar 
ratio  of  the  glass  modifier  to  the  glass  former.  The  constituents  of 
CaO,  BaO,  AI2O3,  B2O3,  La2C>3,  and  Si02  were  in  analytical  grade 
(Zhongguancun  Chemical  Company,  Beijing,  China).  All  of  the 
glasses  were  prepared  by  melting  thoroughly  blended  constituent 
compounds  in  a  platinum  crucible  at  1500  °C  for  2  h  under  static 
air.  Afterward,  the  glass  melts  were  poured  into  a  graphite  die, 
cooled,  and  then  annealed  in  air  for  3  h-4  h  to  eliminate  residual 
thermal  stresses. 

2.2.  Characterization 

Fourier  transform  infrared  spectroscopy  (FTIR,  Nicolet  6700FTIR, 
USA)  in  the  range  of  400  cm-1  to  1800  cm  1  was  used  to  study  the 
structure  and  phase  morphology  of  unconstrained  glass  samples. 
The  amount  of  NBO  has  a  certain  impact  on  the  infrared  spectra  of 
glasses. 

Annealed  glasses  were  then  cut  into  rectangular  blocks  of 
5  mm  x  5  mm  x  25  mm  for  measurement  their  CTEs.  The  CTEs  of 
as-cast  glasses  were  measured  with  a  dilatometer  (DIL  402C, 


Glass  compositions  (by  mol%). 


Series  BaO  SrO  CaO  Si02  B203  Al203+La20 


20  36  12 

16  34.3  13.7 


24  16  25  25 


M/F  Si/B 
0.83  3 

0.83  2.5 
0.83  2 
0.83  1 
0.57  3 
0.57  1 

0.97  2 
1.20  3 
0.66  3 
0.80  2 
0.80  1 
0.95  2 

0.55  3 
0.80  2 
0.96  2 
0.80  1 


Nietzsche,  Germany)  from  room  temperature  to  the  softening 
temperature  of  each  glass  with  bars  of  5  mm  x  5  mm  x  25  mm, 
at  a  heating  rate  of  20  °C  min-1.  From  the  thermal  expansion 
curves  of  the  glasses,  the  softening  temperature  and  the  average 
CTEs  of  each  as-cast  glass  were  obtained.  The  thermal  properties 
of  glass  powders  were  characterized  with  a  differential  scanning 
calorimeter  (DSC204,  Nietzsche,  Germany)  and  then  calibrated 
using  the  melting  points  of  high  purity  indium  and  zinc.  The  non- 
isothermal  experiments  were  performed  by  heating  approxi¬ 
mately  30  mg  of  the  sample  in  Pt  crucibles  in  oxidizing  atmo¬ 
sphere,  with  an  empty  Pt  crucible  as  the  reference.  A  heating  rate 
of  20  °C  min-1  was  employed  in  the  range  25  °C-1000  °C,  after 
which  Tg  and  Tc  were  obtained  from  the  DSC  curves  of  the 
glasses. 

Glasses  were  cut  into  rectangular  blocks  of  3  mm  x  3  mm  x  3  mm 
to  observe  the  changes  in  the  physical  shape  and  wetting  abilities  of 
the  glasses  from  room  temperature  to  melting  temperature.  The 
physical  shape  and  wetting  ability  were  observed  with  a  high 
temperature  optical  microscope  (RDS-04,  Northeastern  University, 
China).  The  specimens  were  placed  in  a  static  air  box  furnace  fitted 
with  a  quartz  door.  The  wetting  characteristics  of  all  glasses  were 
examined  by  monitoring  the  change  in  shape  of  the  specimens  on 
crofer22  APU  (Thyssen-Krupp,  Germany)  substrates  from  room 
temperature  to  melting  temperature  with  a  heating  rate  of 
20  °C  min-1.  A  high-speed  video  camera  with  a  zoom  lens  was  used 
to  record  the  changes  in  the  physical  shapes  and  wetting  abilities  of 
the  glasses. 


3.  Results 

3.1.  Non-bridging  oxygen 

The  composition  of  the  glass  determines  its  structure  and  the 
amount  of  NBO.  However,  understanding  the  structure  of  glass  and 
quantifying  the  NBO  are  difficult  tasks,  especially  for  those  con¬ 
taining  B2O3  and  AI2O3.  The  cations  of  intermediate  AI2O3  have 
a  higher  valance  and  lower  coordination  number  [19,20],  They  may 
or  may  not  participate  in  the  glass  network.  According  to  Stevel’s 
glass  network  theory  [21],  on  one  hand,  the  intermediate  oxide 
AI2O3  act  as  a  glass  intermediate  when  the  contents  of  alumina 
exceed  those  of  the  alkaline  earth  oxides.  On  the  other  hand,  the 
intermediate  oxide  AI2O3  act  as  a  glass  network  former  if  the 
contents  of  alkaline  earth  oxides  exceed  those  of  alumina.  In  borate 
glass,  boron  oxide  has  two  forms:  BO3  (trigonal  boron  species)  and 
BO4  (tetrahedral  boron  species).  In  this  glass  the  alkaline  earth 
oxides  may  have  converted  the  boroxyl  groups  (trigonal  boron 
species)  into  three-dimensional  (3D)  borate  groups  (tetrahedral 
boron  species).  If  the  content  of  alkaline  earth  oxides  exceeds 
30  mol%,  the  boroxyl  groups  (trigonal  boron  species)  disappear 

[19]. 

In  Table  1,  the  contents  of  alkaline  earth  oxides  exceed  30  mol% 
in  all  glasses.  Hence,  most  of  the  B03  transform  into  B04,  and  the 
AI2O3  oxides  act  as  the  glass  network  former.  According  to  Stevel’s 
glass  network  theory,  the  number  of  NBO(X)  can  be  calculated 
using  Equation  (1)  below: 


X  _  2  J2  ONetworkFormer+Modifier  ^ 

£  ^NetworkFormer 

where  F  is  the  number  of  glass  network  former  atoms,  i.e.,  Si,  B,  and 
Al;  and  0  is  the  number  of  all  oxygen  atoms  in  each  glass.  The 
results  are  given  in  Table  2  below. 


Table  2 

The  number  of  NBO(X)  in  all  glasses. 
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BCSA  SSA  SCSA 

No.  X  No.  X  No.  X  No.  X 

~G1  052  G5  023  G9  034  G13  0.24 

G2  0.45  G6  0.32  G10  0.38  G14  0.39 

G3  0.40  G7  0.91  Gil  0.17  G15  0.91 

G4  0.18  G8  0.90  G12  0.43  G16  0.19 


3.2.  Infrared  absorption  spectra 

In  the  present  systems,  the  silicate  units  with  four,  three,  two, 
one,  and  zero  bridging  oxygen  atoms  are  denoted  as  Q4,  Q3,  Q2,  Q1 
and  Q°,  respectively  [19],  The  infrared  absorption  spectra  of  three 
seal  materials  are  presented  in  Figs.  1—4,  respectively.  From 
Figs.  1-4,  5  main  absorption  bands  can  be  distinguished: 
440  c[tt'-530  cm  which  is  attributed  to  the  bending  vibration 
of  Si-O-Si  in  Si04  unit;  700  cm  '-750  cm  1  attributed  to  the 
bending  vibration  of  B— O— B  linkages  in  BO4  unit;  and 
850  cm-1— 1150  cm-1  attributed  to  the  stretching  vibration  of 
Si-O-Si  linkages  in  Si04  unit.  The  band  at  850  cm  ’-1150  cm  1 
has  also  been  observed  in  the  Raman  spectra  [16,17],  The 
850  cm  '—1150  cm”1  absorption  band  may  also  contain  4  sub¬ 
absorption  bands:  1060  cm”1— 1105  cm”1  (from  the  Q3  units), 
949  cm  '-1010  cm”1  (from  the  Q2  units),  ~917  cm”1  (from  the  Q1 
units),  and  ~872  cm”1  (from  the  Q°  units).  For  the  band  at 
1170  cm”1— 1250  cm”1,  some  reports  [22]  suggested  that  this  is 
attributed  to  the  stretching  vibration  of  B— O— B  linkages  in  the 
B2O54”  unit,  whereas  some  other  reports  [23,24]  reported  that  it  is 
attributed  to  the  stretching  vibration  of  Q4,  because  the  Q4  groups 
exhibit  additional  features  in  this  region.  The  high  frequency  band 
at  1300  cm”'-1400  cm”1  is  attributed  to  the  stretching  vibration  of 
the  B— O  ring  bonds  of  the  borate  groups. 

In  the  BCSA  system  (Figs.  1  and  2),  with  the  decrease  of  the  ratio 
of  Si/B,  the  peak  of  the  440  cm  '-530  cm”1  absorption  band  shifts 
to  a  higher  frequency  from  491  cm”1  to  495  cm”1.  Thus,  there  is 
more  difficulty  in  the  bending  vibration  of  Si-O-Si  linkages  with 
a  decrease  in  the  amount  of  NBO.  The  peak  of  the 
700  cm”1— 750  cm”1  absorption  band  also  shifts  to  a  higher 
frequency,  from  723  cm”1  to  728  cm”1,  although  this  did  not  appear 
in  the  infrared  absorption  spectra  of  glass  Gl.  Moreover,  with  the 
decrease  of  the  ratio  of  Si/B,  the  band  becomes  sharper.  Hereby, 
when  contents  of  B2O3  are  low  in  the  BCSA  glass  system,  B  exists  in 


Wavenumber,  cm'1 

Fig.  2.  The  infrared  absorption  spectra  of  G5-G8. 


the  BO3  units.  With  the  increase  of  B2O3  content,  the  BO3  units 
convert  into  B04  units.  The  peak  of  the  850  cm  '-1150  cm”1 
absorption  band  also  shifts  to  a  higher  frequency  from  959  cm”1  to 
978  cm”1.  As  mentioned  earlier,  the  850  cm  '-1150  cm”1  absorp¬ 
tion  band  contains  4  sub-absorption  bands:  1060  cm”1— 1105  cm”1 
(Q3  units),  949  cm”1— 1010  cm”1  (Q2  units),  ~917  cm”1  (Q1  units), 
and  ~872  cm”1  (Q°  units).  The  band  shifts  to  a  high  frequency 
mean,  such  that  the  contents  of  the  Q2  and  Q3  units  increase  with 
the  decrease  of  the  amount  of  NBO  from  0.52  to  0.18.  This  indicates 
that  the  silicate  units  exist  mainly  with  three  bridging  oxygen 
atoms,  when  the  amount  of  NBO  is  very  small.  Table  2  shows  that 
from  Gl  to  G4,  the  amount  of  NBO  decreases  suddenly,  but  the 
width  of  this  absorption  band  decreases  steadily.  Thus, 
1170  cm”1— 1250  cm”1  may  be  attributed  to  the  stretching  vibration 
of  B— O— B  linkages  in  B2O54”  unit  or  the  stretching  vibration  of  Q4. 
Si02  is  the  main  glass  network  former  in  the  glass  series,  and  the 
contents  of  Si02  are  24%-36%  (mol%);  thus,  Si04  units  must  exist  in 
all  kinds  of  glass,  because  the  1170  cm”'-1250  cm”1  absorption 
band  is  the  stretching  vibration  of  B— O— B  linkages  in  the  B2O54” 
units.  In  the  infrared  absorption  spectra  of  G5  and  G6,  however,  no 
absorption  band  is  observed  in  the  1170  cm”1— 1250  cm”1  band.  All 
these  evidence  suggest  that  1170  cm”1-1250  cm”1  is  indeed  the 


Fig.  1.  The  infrared  absorption  spectra  of  G1-G4. 


Fig.  3.  The  infrared  absorption  spectra  of  G9-G11. 
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Wavenumber,  cm' 


Fig.  4.  The  infrared  absorption  spectra  of  G13-G16. 

stretching  vibration  of  B— 0— B  linkages  in  B2054_  units.  From 
Figs,  land  2,  with  the  decrease  of  the  ratio  of  Si/B,  the 
1170  cm-1— 1250  cm-1  absorption  band  steadily  become  sharper.  An 
anomalous  phenomenon  is  detected  in  the  spectra  of  G6:  when  the 
B2O3  content  reaches  28%  (mol%),  the  1170  cm  ’-1250  cm  1 
absorption  bands  disappear.  The  reason  for  this  has  been  postulated 
in  previous  studies  [16],  and  is  known  as  the  “boron  anomaly.” 
Another  possibility  is  the  effect  of  combined  ions,  which  may  change 
the  overall  network  stmcture  [4], 

The  SSA  system  (Fig.  3)  is  different  from  the  BCSA  system.  With 
the  decrease  of  the  ratio  of  Si/B,  the  peak  of  the 
440  cm-1— 530  cm-1  absorption  band  shifts  to  a  higher  frequency 
from  486  cm-1  to  495  cm-1  and  then  goes  down  to  487  cm1.  On 
the  contrary,  the  peak  of  the  700  cm  '-750  cm  1  absorption  band 
shifts  to  a  lower  frequency  and  then  increases  from  719  cm-1  to 
698  cm-1  and  then  to  727  cm-1.  Given  the  decrease  of  the  ratio  of 
Si/B,  the  peak  also  becomes  sharper.  The  relative  intensity  of  the 
BO3  bands  indicates  a  relative  ratio  of  BO3  to  BO4  [17],  The  change 
trend  of  the  850  cm  '-1150  cm  1  band  is  similar  to  the 
700  cm  ’-750  cm  1  absorption  bands,  but  the  half-height 
width  of  this  absorption  band  decreases  significantly.  The 
band  shift  to  higher  frequency  means  that  the  contents  of  the 
Q2  and  Q3  units  increase  with  the  decrease  of  the  ratio  of  Si/B. 
As  to  the  1170  cm  '-1250  cm  1  absorption  band,  it  steadily 
becomes  sharper  with  the  decrease  of  ratio  of  Si/B.  A  notable 
result  is  that  a  high  frequency  absorption  band  appears  in 
1590  cm-1— 1680  cm-1,  which  has  not  been  found  in  published 


74077  76077  8s<rc  90077  100077  11207c 


750"C  78077  85077  90077  110077  115077 
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Fig.  5.  Shape  changes  of  the  cube  specimens  (3  mm  x  3  mm  x  3  mm)  with  increasing 
temperature  for  G1-G4  (heating  rate  of  20  °C  min'1). 


data.  The  band  is  tentatively  assigned  to  metaborate  units  and 
localized  stretching  vibration  modes  of  the  B— O-  bonds.  However, 
further  experiments  are  needed  to  clarify  its  significance. 

Fig.  4  illustrates  the  infrared  absorption  spectra  of  the  SCSA  glass 
system.  SCSA  glasses  are  similar  in  composition  to  BCSA  glasses, 
with  only  BaO  being  replaced  by  SrO.  In  the  SCSA  glass  system,  the 
change  trend  of  the  infrared  absorption  spectra  is  similar  to  that  of 
BCSA  glasses.  The  only  difference  is  that  these  five  absorption  bands 
experience  small  fluctuations  with  changes  in  bond  energy. 

Based  on  the  above  results,  discrepancies  with  prior  reports  are 
observed  in  the  infrared  absorption  spectra  of  three  series  glasses. 
First,  with  the  increase  of  B2O3,  the  peak  of  the 
850  cm  '-1150  cm  1  absorption  band  shifts  a  higher  frequency 
because  of  the  increase  of  the  contents  of  Q3  and  Q2.  In  the  glass 
structure,  Q1  and  Q°  are  very  unstable,  but  Q4  is  stable.  Along  with 
the  increase  of  B2O3,  the  interconnectivity  of  glass  structure 
increases.  Then  Q1  and  Q°  convert  into  Q3  or  Q2  with  the  co-top 
form  or  co-edge  form,  after  which  the  island  structure  of  silicon- 
oxygen  tetrahedron  simultaneously  transforms  into  the  frame  or 
chain  structure.  Thus,  the  peak  of  the  850  cm-1— 1150  cm-1 
absorption  band  shifts  to  a  higher  frequency  and  concentrates  on 
the  1060  cnrr1— 1105  cm-1  (Q3  units)  and  949  cm’-lOlO  cm-1  (Q2 
units)  bands  with  the  increase  of  the  alkaline  earth  metal  oxide 
content  and  silicon-oxygen  ratio  R.  Second,  in  the  three  glass 
system,  the  1590  cm-1— 1680  cm-1  absorption  band  of  metaborate 
units  changes  significantly.  In  the  SCSA  and  BCSA  glasses,  the 
absorption  band  almost  does  not  appear.  Rather,  the  microsoft 
absorption  peaks  are  only  present  in  the  Gl,  G4,  G7,  and  G8. 
However,  in  the  SSA  glasses,  the  absorption  band  has  to  be  signif¬ 
icantly  enhanced.  This  phenomenon  indicates  that  the  metaborate 
content  increases  significantly.  The  above  situation  is  likely  caused 
by  the  “effect  of  combined  ions"  [25].  In  this  so-called  effect,  the 
glass  structure  or  properties  change  in  favor  of  the  direction 
opposite  to  the  scheduled  performance  with  the  increase  in  the 
types  of  the  network  modifier  cation;  this  is  due  to  the  mutual 
interaction  between  the  different  types  of  network  modification 
cations.  When  Sr2+,  Ba2+,  and  Ca2+  ions  exist  alone,  the  field 
strength  of  the  cation  can  bend  two-dimensional  space  BO3  into 
a  3D  tetrahedral  structure  of  the  metaborate.  When  another  cation 
or  several  ones  are  added  to  the  borosilicate  glass,  the  “effect  of 
combined  ions”  weakens  the  attraction  of  the  cation  to  the  oxygen 
ions,  thereby  leading  to  the  decrease  of  the  tetrahedral  structure 
BO4.  Thus,  the  disappearance  or  reduction  of  metaborate  occurs  in 
the  SCSA  glass  systems  and  the  BCSA  glass  system. 

The  glass  structure  change  inevitably  causes  changes  in  the 
basic  physical  properties  of  glass.  Such  property  changes  are  dis¬ 
cussed  in  detail  in  the  next  chapter. 

3.3.  DSC  of  glasses 

Based  on  the  DSC  curves,  the  crystallization  temperatures  of  the 
glasses  could  be  are  obtained  and  presented  in  Table  3.  In  the  BCSA 
system,  while  the  constant  ratio  of  M/F  is  0.83  (M  is  the  content  of 
glass  network  modifier,  F  is  the  content  of  glass  network  former), 


Table  3 

Crystallization  temperature  of  all  kinds  of  glass. 

BCSA  SSA  SCSA 

No.  Tc  (°C)  No.  Tc  (°C)  No.  rc(°C)  No.  Tc  (“C) 

Gl  706  G5  709  G9  765  G13  745 

G2  696  G6  701  G10  752  G14  740 

G3  672  G7  655  Gil  700  G15  737 

G4  663  GS  713  G12  -  G16  661 
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with  the  decrease  of  the  ratio  of  Si/B  from  3  to  1  (Si/B  is  ratio  of  the 
SiC>2  content  to  the  B2O3  content  in  glass),  the  Tc  of  glass  steadily 
decreases  from  706  °C  to  663  °C.  Along  with  the  increase  of  the 
ratio  of  M/F  from  0.52  to  1.2,  the  Tc  of  glass  also  decreases  from 
709  °C  to  655  °C,  except  for  G8.  The  results  indicate  that  B2O3 
significantly  reduces  the  crystallization  temperatures  of  glass, 
whereas  the  alkaline  earth  oxides  only  weakly  affect  the  Tc  of  glass. 

In  the  SSA  and  SCSA  systems,  the  same  trend  is  also  found. 
Along  with  the  decrease  of  the  ratio  of  Si/B  from  3  to  1  and  the 
stable  ratio  of  M/F  =  0.83,  the  Tc  of  glass  steadily  decreases  from 
765  °C  to  700  °C  in  the  SSA  system,  and  from  745  °C  to  661  °C  in 
the  SCSA  system.  However,  a  significant  difference  exists  between 
the  two  systems,  in  that  the  Tc  of  the  SSA  glass  is  higher  than  that 
of  the  SCSA  glass  and  is  also  higher  than  that  of  the  BCSA  glass. 
The  Tc  of  seal  glass  having  alkaline  earth  oxide  increases  in  the 
order  BaO  <  SrO  <  CaO  <  MgO.  Field  strength  can  increase  the 
activation  energy  of  atomistic  migration  in  glass  structure,  thus 
reducing  the  frequency  of  structural  transitions.  In  turn,  this 
leads  to  a  lower  mobility  of  alkaline  earth  ions  in  the  glass 
network  system. 

3.4.  Coefficient  of  thermal  expansion  and  softening  temperature 

The  CTE  of  seal  glass  is  one  of  the  most  important  thermal 
properties  for  SOECs/SOFCs  and  should  match  those  of  other  SOFC/ 
SOEC  components  to  avoid  thermal  stresses.  The  stresses  can  cause 
structural  damage  and  performance  degradation  in  the  cell  system. 
Usually,  the  CTEs  of  the  interconnect  in  SOECs/SOFCs  vary  between 
12.0  x  10-6  KT1  and  14.0  x  10-6  K-1  [19,20],  and  the  CTEs  of 
electrolytes  vary  between  10.0  x  10-6  K-1  and  12.0  x  10-6  K  In 
practice,  CTEs  ranging  from  10.0  x  10-6  K-1  to  12.0  x  10-6  K-1  is 
considered  ideal  for  SOFC/SOEC  applications,  since  under  this 
condition,  the  thermal  stress  is  smaller  than  the  strength  of  the 
glass,  and  the  cell  can  work  stably  at  high  temperatures. 

The  CTEs  of  all  lands  of  seal  glass  are  measured  from  room 
temperature  (Tr)  to  glass  transition  (Tg)  and  are  presented  in 
Table  4.  In  the  BCSA  system,  the  average  CTE  from  Tr  to  Ts  (softening 
temperature)  are  listed  in  Table  4.  The  Ts  has  an  opposite  trend  of 
change  to  the  CTEs  in  the  four  glasses.  When  the  Ts  reach  the 
maximum,  the  CTE  reaches  the  minimum.  For  Gl,  G2,  G3  and  G4, 
with  the  decrease  of  the  ratio  of  Si/B  from  3  to  1  and  stable  ratio  of 
M/F  =  0.83,  the  CTE  of  glass  increases  from  10.13  x  10-6  K-1  to 
11.28  x  10-6  K-1,  but  the  Ts  of  glass  steadily  decreases  from  678  °C 
to  645  °C.  SiC>2  decreases  CTE,  and  the  contents  of  B2O3  need  to  be 
increased  if  a  high  CTE  has  to  be  achieved  by  glass  formers. 

The  CTEs  of  G5,  G6,  G7,  and  G8,  as  well  as  the  average  CTEs  from 
Tr  to  Ts  are  listed  in  Table  4.  The  Ts  of  the  glasses  are  752  °C,  658  °C, 
651  °C  and  664  °C,  respectively.  Given  the  increase  of  the  ratio  of  M/ 
F  from  0.57  to  1.20,  the  CTE  of  glass  increases  from  9.25  x  10-6  K-1 
to  11.17  x  10-6  K-1  except  for  G6.  The  Si/B  ratio  for  G6  is  unity,  and 
the  B2O3  content  reaches  24  mol%.  The  CTE  of  G6  is  greater  than 
that  of  G7,  although  the  content  of  alkaline  earth  oxides  in  G7  is 
higher  than  that  of  G6.  Hence,  the  effect  of  B2O3  in  increasing  CTE  is 
greater  than  that  of  the  alkaline  earth  oxides. 


The  SSA  system  is  similar  to  the  BCSA  system.  Given  the 
decrease  of  the  ratio  of  Si/B,  the  CTEs  of  G9,  G10,  and  Gil  increase 
from  9.72  x  10-6  K-1  and  10.59  x  10-6  I<-1  to  10.67  x  10-6  K-1,  and 
the  Ts  of  the  three  glasses  decrease  from  781  °C  and  751  °C  to 
684  °C.  Compared  with  Gl,  G3  and  G4,  the  increase  of  the  CTE  of  the 
SSA  system  glass  is  smaller  than  that  of  the  BCSA  glasses  with  the 
increase  of  alkaline  earth  oxide  content.  The  CTE  increases  directly 
with  the  field  strength  of  alkaline  earth  cations  in  the  order  of 
Sr2+  <  Ba2+  <  Ca2+  due  to  the  weaker  bonding  at  lower  field.  Ts 
changes  in  the  same  trend.  Hence,  the  effect  of  the  network 
modifier  on  the  CTE  and  Ts  of  a  seal  glass  is  complex  and  is  related 
to  the  field  strength  and  quantity  of  a  network  modifier. 

The  SCSA  glass  system  is  similar  in  composition  with  the  BCSA 
glass  system,  with  only  BaO  being  replaced  by  SrO.  In  the  SCSA  glass 
system  (Table  4),  the  change  of  CTE  is  similar  to  that  of  BCSA  glasses. 
The  average  CTEs  from  Tr  to  Ts  for  Gl,  G2,  G3,  and  G4  are 
9.77  x  10-6  K-1,  10.12  x  10-6  K-1,  10.59  x  10-6  K-1  and 
10.87  x  10-6  K-1,  respectively.  The  Ts  values  of  G13  to  G16  are 
686  °C,  655  °C,  737  °C  and  656  °C,  respectively.  An  anomalous 
phenomenon  is  observed  in  G15,  the  Ts  of  which  is  the  highest  in 
the  SCSA  glasses.  In  this  case,  the  connectivity  theory  of  Lu  K.  et  al. 
is  insufficient  in  explaining  this  phenomenon  [4],  The  CTE  of 
materials  is  closely  related  to  the  properties  of  bonding  and  bond 
energy  between  the  anions  and  the  cations.  In  turn,  these  are  also 
closely  related  to  the  field  strength  of  cations  of  the  glass  network 
modifier  and  former  as  well  as  to  ionic  radius.  The  relation  between 
the  CTE  and  efficiency  of  field  strength  is  discussed  in  detail  in 
a  later  section. 

In  the  BCSA  system,  with  the  decrease  of  the  ratio  of  Si/B  from  3 
to  1  and  the  stable  ratio  of  M/F  =  0.83,  the  CTE  of  glass  increases 
from  10.13  x  10-6  K-1  to  11.28  x  10-6  K-1,  and  the  Ts  of  glass 
steadily  decreases  from  678  °C  to  645  °C.  The  B2O3  causes  a  greater 
increase  of  the  CTE  than  do  alkaline  earth  oxides.  In  the  SSA  and 
SCSA  systems,  the  changes  of  CTEs  are  similar  to  those  observed  in 
the  BCSA  system.  The  CTEs  also  increase  directly  with  the  field 
strength  of  alkaline  earth  cations  in  the  order  Sr2"1"  <  Ba2+  <  Ca2+. 
Their  Ts  changes  show  the  same  trend.  The  relationship  between 
CTE  and  the  total  contents  of  alkaline  earth  oxides  and  B2O3  is  clear, 
that  is,  the  CTE  of  glass  increases  with  the  contents  of  alkaline  earth 
oxides  and  B2O3;  this  increasing  trend  slows  down  steadily. 
Therefore,  the  CTE  can  be  estimated  using  the  total  alkaline  earth 
oxide  and  B2O3  content. 

3.5.  Shape  evolution  and  contact  angle  at  high  temperature 

The  wetting  characteristics  of  all  glasses  were  examined  by 
monitoring  the  change  in  shape  of  a  cube  specimen  on  crofer22 
substrates  from  room  temperature  to  melting  temperature  with 
a  heating  rate  of  20  °C  min-1.  A  typical  series  of  photographs 
showing  the  evolution  of  all  glass  during  heating  without  addi¬ 
tional  pressure  are  presented  in  Figs.  5—8. 

In  the  BCSA  system  (Fig.  5),  the  starting  sintering  temperature 
(Tsintering,  at  which  temperature  glass  starts  to  sinter  and  its  rough 
surface  becomes  smooth)  of  Gl  is  ~740  °C,  melting  temperature 


CTEs  of  all  glasses. 


BCSA  SSA  SCSA 

No.  Ts  (°C)  CTE  (10-6  K-1)  No.  Ts  (°C)  CIE(10-6K-1)  No.  Ts  (°C)  CTE  (10-6  K-1)  No.  TS(°C)  CTE  (10  6  IC1) 

"Gl  678  10.13  G5  752  023  G9  781  072  G13  686  077 

G2  670  10.46  G6  658  10.85  G10  751  10.59  G14  655  10.12 

G3  655  10.55  G7  651  10.67  Gil  684  10.67  G15  637  10.59 

G4  645  11.28  G8  664  11.17  G12  -  G16  656  10.87 


Note:  The  CTEs ' 


:  measured  within  the  range  of  Tr  to  Tg. 
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Fig.  6.  Shape  changes  of  the  cube  specimens  (3  mm  x  3  mm  x  3  mm)  with  increasing 
temperature  for  G5-G8  (heating  rate  of  20  °C  min'1). 

(rm,  at  which  temperature  the  viscosity  of  glass  drops  sharply)  is 
900  °C,  and  flowing  temperature  (Tf,  at  which  temperature  glass 
starts  to  flow  liking  a  liquid)  is  1120  °C.  The  shape  change  of  glass 
sharply  occurs  between  760  °C  and  800  °C;  the  temperature  range 
in  which  the  shape  changes  sharply  is  defined  as  maximum 
difference.  In  this  range,  the  viscosity  of  the  glass  declines  rapidly 
with  increasing  temperature,  leading  to  rapid  changes  in  the  shape 
of  the  glass.  For  glass  Gl,  from  the  shape  at  different  temperatures, 
the  optimum  sealing  temperature  range  is  from  800  °C  to  870  °C.  In 
the  scope  of  temperature,  the  glass  is  sticky  stagnant,  and  under 
pressure,  the  glass  exhibits  viscous  flow;  moreover,  the  SOEC/SOFC 
stack  is  easier  to  seal  without  any  leakage.  The  respective  TSjntering. 
Tm,  and  Tf  of  sintering  G2,  G3,  and  G4  are  listed  in  Table  5.  The 
change  of  glass  shape  clearly  occurs  between  at  780  °C— 830  °C, 
770  °C— 820  °C  and  730  °C-800  °C,  respectively  (Fig.  5).  There¬ 
fore,  the  optimum  sealing  temperature  ranges  for  G2,  G3,  and  G4 
are  820  C-900  °C,  810  °C-870  °C  and  780  °C-830  °C,  respectively. 
With  the  decrease  of  the  ratio  of  Si/B  from  3  to  1,  and  at  the  stable 
ratio  of  M/F,  0.83,  the  rsjntering.  Tm,  and  Tf  of  these  glass  decrease 
from  750  °C  to  720  °C,  900  °C-850  °C  and  1150  °C-960  °C, 
respectively.  This  indicates  that  the  B2O3  can  significantly  change 
the  physical  properties  of  BCSA  glasses.  As  for  other  systems, 
when  the  B2O3  contents  reach  15%  (mol%),  an  anomalous  point 
occurs. 

Based  on  Fig.  6,  the  Tsintering,  Tm,  and  Tf  of  G5,  G6,  G7,  and  G8  are 
also  listed  in  Table  5.  Their  optimum  sealing  temperature  ranges  are 
950  °C— 1050  °C,  850  °C-950  °C,  780  °C-830  °C  and  830  °C-900  °C, 
respectively.  Except  for  G8,  with  the  increase  of  ratio  of  M/F  from 
0.57  to  1.20,  the  Wintering.  Tm,  and  Tf  of  G5,  G6,  and  G7,  decrease 
from  850  °C  to  750  °C,  1100  °C  to  880  °C  and  1200  °C  to  960  °C, 
respectively.  This  indicates  that  alkaline  earth  oxides  also 
significantly  change  the  physical  properties  of  BCSA  glasses. 
Nevertheless,  this  cannot  explain  the  abnormal  behavior  of  G8  as 
far  as  http://www.iciba.com/consideration/the  ratio  of  Si/B  is 
concerned.  The  B2O3  content  cannot  explain  the  abnormal 
phenomenon  either.  The  relation  between  the  Titering,  Tm,  and  Tf 
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Fig.  7.  Shape  changes  of  the  cube  specimens  (3  mm  x  3  mm  x  3  mm)  with  increasing 
temperature  for  G9-G11  (heating  rate  of  20  °C  min1). 
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Fig.  8.  Shape  changes  of  the  cube  specimens  (3  mm  x  3  mm  x  3  mm)  with  increasing 
temperature  for  G13-G16  (heating  rate  of  20  °C  min'1). 

on  the  one  hand  and  the  total  quantity  of  B2O3  and  alkaline  earth 
oxides  on  the  other  is  discussed  in  detail  in  a  later  section. 

In  the  SSA  system  (Fig.  7),  the  Wintering.  Tm,  and  Tf  of  G9  are 
observed  at  ~850,  1100  and  1240  °C,  respectively,  and  the 
maximum  difference  occurs  between  900  °C  and  1000  °C.  Within 
the  temperature  range,  the  glass  maintains  a  relatively  high 
viscosity.  Therefore,  the  optimum  sealing  temperature  range  of  G9 
is  from  930  °C  to  980  °C.  In  this  temperature  range,  the  glass  is 
sticky  stagnant,  and  as  such,  it  could  seal  the  SOEC/SOFC  stack  well 
even  under  pressure.  The  Tsintering.  Tm,  and  Tf  of  G10  and  Gil  are 
listed  in  Table  5.  The  maximum  difference  occurs  at  900  °C-950  °C 
and  at  800  °C— 850  °C  (Fig.  7);  therefore,  their  optimum  sealing 
temperature  ranges  are  930  °C— 980  °C  and  800  °C— 840  °C, 
respectively.  Similar  to  the  BCSA  system,  with  the  decrease  of  the 
ratio  of  Si/B  from  3  to  1,  the  Tsintering,  Tm,  and  Tf  of  these  glasses 
decrease  from  850  °C  to  750  °C,  1100  °C— 850  °C  and 
1240  °C— 920  °C,  respectively. 

In  the  SCSA  system  (Fig.  8),  the  Tsintering,  Tm,  and  Tf  of  G13  are 
~830,  1000  and  1170  °C,  respectively.  The  maximum  difference 
occurs  between  870  °C  and  930  °C.  Therefore,  the  optimum  sealing 
temperature  range  of  G9  is  880  °C— 930  °C.  In  this  temperature 
range,  the  glass  can  work  well  in  an  SOEC/SOFC  stack.  The 
respective  Tsintering,  Tm,  and  Tf  of  G14,  G15,  and  G16  are  listed  in 
Table  4.  Based  on  Fig.  8,  the  maximum  difference  occurs  at 
890  °C— 940  °C,  900  °C-950  °C,  and  770  °C-810  °C;  thus,  their 
optimum  sealing  temperature  ranges  are  900  °C— 950  °C, 
920  °C— 960  °C  and  760  °C— 810  °C,  respectively.  Similar  to  the 
BCSA  system,  with  the  decrease  of  the  ratio  of  Si/B  from  3  to  1,  all 
Tsintering,  Tm,  and  Tf  of  this  glass  decrease.  In  addition,  in  G14,  G15 
and  G16,  no  visible  flowing  temperature  points  occur  at  high 
temperatures. 

Contact  angles  are  known  to  vary  with  time  and  temperature 
[21],  The  wetting  ability  of  all  glasses  in  BCSA,  SSA,  and  SCSA 
systems  are  represented  by  the  contact  angles  between  the  glasses 
and  the  crofer22  substrates  at  different  temperatures.  Different 
wetting  abilities  are  observed  among  BCSA,  SSA,  and  SCSA  systems. 
G7,  Gil,  and  G16  are  representatives  of  the  three  systems  chosen 

Table  5 

The  Tsintering.  Tm,  and  Tf  of  all  glass  samples. 

No.  Gl  G2  G3  G4  G5  G6  G7  G8 

Tsintering,  °C  740  750  730  720  850  760  750  800 

Tm,  °C  900  900  870  850  1100  900  880  1050 

Tf,  “C  1120  1150  1140  960  1200  1040  960  1180 

No.  G9  G10  Gil  G12  G13  G14  G15  G16 

Tsintering,  °C  850  830  750  830  820  810  730 

Tm,  °C  1100  950  850  1000  960  950  840 

Tf,  °C  1240  1120  920  1170  1000  1270  900 
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for  further  study.  Based  on  Figs.  5.  7  and  8,  all  the  contact  angles  of 
the  three  systems  of  glass  are  measured  and  presented  in  Table  6. 
For  G7,  the  melting  point  is  ~  840  °C,  which  is  considered  a  turning 
point  for  its  contact  angle.  Above  840  °C,  the  angles  decrease  and 
approach  107°  at  960  °C,  whereas  below  840  °C,  the  angles  increase 
gradually  and  reach  a  maximum  of  131°  at  ~840  °C.  Although  the 
contact  angle  is  larger  than  130°,  a  suitable  sealing  between  glass 
and  interconnect  can  be  achieved  in  practical  operation,  because 
the  glass  is  expected  to  be  under  pressure  from  adjacent  compo¬ 
nents  or  from  the  load  of  its  own  gravity.  Along  with  the  change  of 
loading,  the  contact  region  and  status  may  also  change  corre¬ 
spondingly.  G7  adheres  well  to  crofer22  substrates  during  the 
whole  process  and  can  avoid  the  glass  spreading  freely  on  the 
surface  of  crofer22  substrates  at  high  temperature  above  the  glass 
melting  point.  For  Gil,  the  true  melting  point  is  also  ~840  °C 
(Table  6),  which  is  a  turning  point  from  solid  to  liquid.  Above 
840  °C,  the  angles  decrease  and  approach  68°  at  920  °C,  whereas 
below  840  °C,  the  angles  increase  gradually  and  reach  a  maximum 
of  122°  at  ~840  °C.  Hence,  for  crofer22  substrates,  the  wetting 
ability  of  Gil  is  better  than  that  of  G7.  G16  has  a  better  wetting 
ability  than  Gil.  The  true  melting  point  of  G16  is  also  ~800  °C  as 
seen  in  Table  6,  and  so  the  contact  angle  at  800  °C  is  a  turning  point. 
Above  800  °C,  the  angles  decrease  and  approach  46°  at  900  °C, 
whereas  below  800  °C,  the  angles  increase  gradually  and  reach 
a  maximum  of  123°  at  ~800  °C.  With  regards  wetting  ability,  G16 
may  be  the  best  option  to  seal  the  SOECs/SOFCs  under  low  loading 
without  leakage.  The  contact  properties  of  Gil  and  G16  fulfill  the 
requirement  for  sealing  SOECs/SOFCs  at  mid-high  temperature 
with  good  air  tightness  as  well.  Based  on  the  analysis  above,  SrO  can 
improve  the  wetting  ability  of  glass  by  decreasing  the  contact  angle 
between  the  glass  and  crofer22  substrates. 

Based  on  the  above  results,  the  discrepancy  of  SrO  with  prior 
reports  is  also  observed  in  three  series  glasses.  Previous  studies 
reported  that  SrO  modifies  glass  properties,  such  as  Tg,  Ts  and  CTE, 
but  it  cannot  affect  the  wetting  ability  of  glass.  As  demonstrated  in 
the  current  work,  SrO  can  improve  the  wetting  ability  of  glass  by 
decreasing  the  contact  angle  between  the  glass  and  crofer22 
substrates.  However,  the  interfacial  energy  is  determined  by  the 
surface  tension  of  the  melting  glass.  The  field  strength  of  Sr2+  is 
more  powerful  than  that  of  Ba2+,  and  so  the  attraction  of  Sr2+  to  the 
surface  of  the  oxygen  ions  is  bigger  than  that  of  Ba2+.  Therefore, 
Sr2+  can  reduce  the  surface  tension  of  molten  glass  in  the  SSA  and 
SCSA  glass  systems  as  well  as  reduce  the  interfacial  energy  between 
the  molten  glass  and  crofer22  substrates.  The  SrO  can  improve  the 
wetting  ability  of  glass  by  decreasing  the  contact  angle  between  the 
glass  and  crofer22  substrates. 


the  glass  determines  the  amount  of  NBO  and  the  structure  and 
properties  of  glass.  The  CTE  of  a  seal  glass  depends  on  such  factors 
as  glass  structure  symmetry,  bond-bending,  molar-free  volume, 
and  so  on.  The  BCSA  system  is  relatively  complete  compared  with 
the  two  other  systems,  and  thus  its  relationships  with  NBO, 
compositions  and  Ts,  and  CTE  are  analyzed  below.  The  relationship 
between  NBO  and  CTE  is  shown  in  Fig.  9.  A  clear  correlation 
between  NBO  and  CTE  cannot  be  seen,  indicating  a  complex  rela¬ 
tionship  between  NBO  and  CTE.  With  a  constant  B2O3  content,  the 
CTE  of  glass  initially  increases  from  9.25  x  10-6  K-1  to 
11.17  x  10-6  K-1,  with  an  increase  of  the  number  of  NBO  when  the 
B2O3  content  exceeds  20  mol%.  However,  this  trend  is  not  observed. 

On  the  other  hand,  according  to  the  previous  analysis  in  Section 

3.2,  Si02  generally  decreases  CTE.  Furthermore,  the  relationship 
between  CTE  and  the  total  alkaline  earth  oxide  and  B203  contents 
(by  mol%)  clearly  indicates  that  the  CTE  of  glass  increases  with  the 
increase  of  the  total  alkaline  earth  oxide  and  B2O3  content  as  show 
in  Fig.  10  (where  AO  represents  the  alkaline  earth  oxides,  BaO,  and 
CaO).  Therefore,  the  estimation  of  the  CTE  from  the  total  alkaline 
earth  oxide  and  B2O3  contents  (by  mol%)  is  possible. 

4.2.  The  relations  between  NBO,  compositions,  and  Ts 

The  relationships  between  Ts  and  NBO  and  the  total  alkaline 
earth  oxide  and  B203  content  are  presented  in  Fig.  11  and,  respec¬ 
tively.  The  relationship  between  Ts  and  NBO  is  similar  to  the  rela¬ 
tionship  between  CTE  and  NBO.  With  a  constant  B2O3  content,  the 
Ts  of  glass  decreases  from  758  °C  to  650  °C  with  an  increase  in  the 
number  of  NBO.  When  the  B2O3  content  exceeds  20  mol%,  again,  no 
clear  change  was  observed  between  NBO  and  Ts.  Still,  estimation  of 
Ts  by  NBO  with  constant  B2O3  content  is  possible.  The  relationship 
between  Ts  and  the  total  alkaline  earth  oxide  and  B2O3  content 
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4.  Discussion 

4.1.  The  relations  between  NBO,  compositions,  and  CTE 
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The  relationships  between  the  physical  properties  of  glass  and 
the  composition  of  glass  are  very  complicated.  The  composition  of 
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Fig.  10.  The  relation  between  the  total  alkaline  earth  oxide  and  B203  content  (by  mol£) 
and  CTE  in  the  BCSA  system. 

(Fig.  12)  is  rather  clear.  The  Ts  of  glass  decreases  from  758  °C  to 
635  °C  with  the  increase  of  content  of  alkaline  earth  oxides  and 
B2O3,  thus  allowing  one  to  estimate  the  Ts  from  the  total  alkaline 
earth  oxide  and  B203  content  (by  mol%). 
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Several  differences  exist  between  the  current  results  and  those 
in  literature  [2,4—6],  First,  previous  literature  reported  that  B2O3 
needs  to  be  added  if  a  high  CTE  has  to  be  achieved  by  glass  formers. 
If  the  content  exceeds  20  mol%,  the  “boron  anomaly”  occurs,  and 
the  Ts,  Tg,  and  CTE  of  glass  can  also  change  correspondingly.  The 
current  results  suggest  that  the  “anomaly”  phenomenon  is  not  very 
clear  for  the  properties  of  glass.  The  properties  do  not  depend  on 
a  single  parameter,  such  as  the  number  of  NBO,  the  content  of  B2O3, 
or  Si/B.  In  the  three  glass  systems,  the  alkaline  earth  oxide  content 
has  greater  effect  than  B2O3  content  on  the  properties  of  glass. 
Therefore,  in  the  borosilicate  glasses,  if  the  glass  contains  alkaline 
earth  oxides,  the  total  alkaline  earth  oxide  and  B203  content  should 
be  a  major  parameter  for  the  properties.  Second,  infrared  spectra  of 
glasses  are  a  sensitive  probe  into  the  local  structure  of  silicate 
glasses  [14—18];  however,  infrared  spectral  data  for  the  borosilicate 
glass  containing  alkaline  earth  oxides  are  scarce.  Bond  energy  has 
great  impact  on  infrared  absorption  characteristics.  The  amount  of 
NBOs  in  a  silicate  system  can  be  reflected  by  the  infrared  absorption 
spectra  [16].  The  “effect  of  combined  ions”  weakens  the  attraction 
of  the  cation  to  the  oxygen  ions,  thus  decreasing  the  tetrahedral 
structure  of  BO4.  Hence,  the  disappearance  or  reduction  of 
metaborate  occurs  in  the  SCSA  glass  systems  and  the  BCSA  glass 
system.  Finally,  previous  literature  reported  that  the  SrO  modifies 
glass  properties,  such  as  Tg,  Ts  and  the  CTE,  but  it  cannot  affect  the 
wetting  ability  of  glass.  In  the  current  experiment,  however,  the  SrO 
can  significantly  improve  the  wetting  ability  of  glass  by  decreasing 
the  contact  angle  between  the  glass  and  crofer22  substrates,  thus 
reducing  the  surface  tension  of  molten  glass  in  the  SSA  and  SCSA 
glass  systems  and  reducing  the  interfacial  energy  between  the 
molten  glass  and  crofer22  substrates.  Therefore,  SrO  also  deter¬ 
mines  adhesion/wetting  with  other  SOFC/SOEC  components. 

5.  Conclusions 
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Using  prepared  glasses  based  on  BaO— CaO— SiC>2— AI2O3, 
SrO— SiC>2— AI2O3  and  SrO— CaO— Si02— AI2O3,  Tc  of  the  seal  glass 
with  alkaline  earth  oxide  has  been  found  to  increase  in  the  order 
BaO  <  SrO  <  CaO. 

In  the  BCSA  system,  with  the  decrease  of  ratio  of  Si/B  from  3  to  1 
and  stable  ratio  of  M/F  =  0.83,  the  CTE  of  glass  increases,  and  the  Ts 
of  glass  decreases  steadily.  A  direct  relationship  between  the  CTE 
and  the  total  alkaline  earth  oxides  and  B2O3  content  has  also  been 
found.  B2O3  increases  CTE  of  the  glasses  better  than  alkaline  earth 
oxides.  Moreover,  the  CTE  and  Ts  increase  directly  with  the  field 
strength  of  alkaline  earth  cations  in  the  order  Sr2+  <  Ba2+  <  Ca2+. 

The  optimum  sealing  temperature  range  of  glass  can  be  deter¬ 
mined  according  to  the  Tsintering  and  Tm  of  the  parent  glasses. 
Analysis  of  the  contact  angle  between  the  glasses  and  crofer22 
substrates  indicates  that  G16  is  the  best  option  in  sealing  the 
SOECs/SOFCs  under  low  loading  without  leakage;  further,  the  SrO 
can  improve  the  wetting  ability  of  glass  by  decreasing  the  contact 
angle. 

All  the  glasses  fulfill  the  requirements  for  sealing  the  SOECs/ 
SOFCs.  The  CTE  of  the  BCSA  system  is  closer  to  those  of  the  inter¬ 
connect  and  electrolyte.  SrO-containing  glasses  show  better 
wetting  ability  than  other  glasses;  thus,  they  are  the  most  suitable 
sealants  for  planar  SOECs/SOFCs. 
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Fig.  12.  The  relation  between  the  number  of  the  total  alkaline  earth  oxide  and  B203 
content  (by  mol%)  and  softening  temperature  of  glass  in  the  BCSA  system. 
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